Abstract-For the measurement of microwave device in high-power, traditional methods are inefficient, inaccurate and not on-line real-time measurement. A new type of high-power microwave impedance tuner (26.5 GHz ∼ 40 GHz) based on load-pull technique and a corresponding rapid calibration method based on curve fitting are proposed. A new structure using increased width rectangular waveguide slotted in the center is adopted as the main transmission line. In order to prevent the leak of electromagnetic waves transferring in rectangular waveguide, two choke grooves are added in upper cover plate of the waveguide cavity. The results (standing wave ratio range of 1.02 ∼ 10.98, insertion loss of 0.063 dB at minimum standing wave ratio) show by practical measurement that this structure and method are feasible. The device can meet the requirement of design, and the new method has less time for calibration.
INTRODUCTION
With the progress of science and technology, information industry is developing rapidly. The RF/MW (Radio Frequency/Microwave) semiconductor device has more and more extensive application. Highpower microwave device is indispensable in microwave communication, electronic countermeasures, satellite radar system, etc. Therefore, it is more and more important for accurate measurements of the parameters, especially, in high-power state. The traditional test method is to measure the scattering parameters of high-power devices in small signal with the vector network analyzer (VNA) and to calculate the scattering parameters in large signal [1] [2] [3] [4] . And it has low precision and efficiency. Power amplifier test system (PATS) which is manufactured by Maury and Focus holds a leading position in the industry in the world today. This paper introduces the structure and principle of a new type of high-power microwave impedance tuner based on load-pull technique, and the feasibility of a rapid calibration method based on the actual measurement data.
PRINCIPLE
In linear system, in order to get maximum gain or transmission power, conjugate match is adopted in the input/output [5] [6] [7] . The tuner proposed in this paper is placed at both ends of the device under test (DUT). Under the condition of given frequency, source/load impedance is tuned by tuner, at the same time input/output power is measured by power meter. Maximum transmission power is obtained after data processing [8] [9] [10] . Based on the calibration data before measurement, we can get scattering parameters of the DUT at this frequency. The principle block diagram of load-pull is shown in Figure 1 .
The principle of the tuner proposed in this paper is the same as that of single-stub tuner. Singlestub tuner consists of short or open circuit terminal line (length of m) in parallel or series, n from the load, as shown in Figure 2 . In a single-stub tuner, its susceptance can be adjusted by two adjustable parameters, which are m and n. Appropriate distance (n) is selected so that admittance, from the stub to the load, is Y in = Y 0 + jB, then appropriate length (m) of stub is selected so that susceptance is Y 0 = −jB, so as to achieve matching [11] [12] [13] [14] .
STRUCTURE AND PARAMETERS
The new type of high-power microwave impedance tuner proposed in this paper consists of BJ-320 rectangular waveguides (size of 7.112 mm × 3.556 mm, cut-off frequency of 21.053 GHz, the dominant mode frequency range of 26.3 GHz ∼ 40 GHz), high precision stepping motor, metal probe (13 mm × 2 mm × 0.5 mm), computer interface, etc., as shown in Figure 3 . The positioning accuracy can reach the precision of micrometer level by high precision step motor, thus ensuring good repeatability. The physical map of the tuner is shown in Figure 4 . The design index in detail is as follows:
Frequency range: 26.5 GHz ∼ 40 GHz. Minimum standing wave ratio (SWR) in port: 1.2 : 1. Maximum SWR in port: 10 : 1. Insertion loss: ≤ 1.0 dB (minimum standing wave ratio). In order to ensure the stub line connecting the load can be moved in main transmission line. We select increased width rectangular waveguide slotted in the center as the main transmission line, and insert a longitudinal probe as the parallel stub line. Susceptance changes with probe insertion depth. As shown in Figure 3 . Distance n changes with probe horizontal location. Length m changes with probe insertion depth.
In order to prevent the leak of electromagnetic waves transferring in rectangular waveguide, two choke grooves are added in upper cover plate of the waveguide cavity [15] [16] [17] [18] [19] . Its structure is shown in Figure 5 . The design of choke groove is mainly based on the theory of half-wavelength short-circuited line. There are two rectangular grooves on both sides of the probe slot with length of λ/4. The distance between the lower choke groove and the surface of the waveguide cavity is also λ/4. In this way, the choke groove can be considered as transmission line with low impedance whose end is short-circuited [20] . The schematic diagram and equivalent circuit of the choke groove are shown in Figure 6 . Boundary conditions of the waveguide wall are changed by the slit in the center of the waveguide surface, which is equivalent to the introduction of a resistive component (R k ) in the wave impedance (Z T E ) of rectangular waveguide in mode TE mn . What we wanted is the resistive component between both ends of slit (a, h)Z ah = 0, no matter what the value of the component R k is. As shown in Figure 6 , the line of b-e represents the probe inserted into the slit, and a, c, d and f , g, h are the endpoints on choke groove wall. From Figure 6 , viewing from c-d, the choke groove is λ/4 short-circuited line, so
So from c-e, the circuit is equal to open. It is the same case with Z cg (so Z cg = ∞) because of symmetry. Similarly, it is a λ/4 short circuit viewing from the c-g, so Z ah = 0, and it doesn't change with R k . This ensures the effective electrical connection of slit in the waveguide, and prevents the leak of electromagnetic waves transferring in rectangular waveguide.
The choke groove based on λ/4 transmission line has the properties of not only no radiation, no power loss, no reflection, but also frequency selective which means narrow bandwidth. In order to meet the requirement of bandwidth, the impedance of the first λ/4 transmission line is designed higher than the second λ/4 one, the width of the probe slot is 0.7 mm and the height of rectangle groove is 0.5 mm. Two choke grooves are designed to match the high and low frequency bands respectively. The initial size of two choke grooves is given by (1) .
where l 1 , l 2 are depth of the two choke grooves; d 1 , d 2 are the height of the surface of two choke grooves from the upper surface of the waveguide cavity, as shown in Figure 5 ; λ 1 , λ 2 are the wavelengths that correspond to the high and low operating frequency band, respectively. According to the indexes of this paper, the initial value of two choke grooves is given by (2) .
The simulation in HFSS (High Frequency Structure Simulator) shows that the properties of waveguide with choke groove are the same as that of BJ-320 waveguide, when probe is completely detached from waveguide. And it can meet the minimum SWR 1.2 : 1 and insertion loss ≤ 1.0 dB (in minimum SWR).
MEASUREMENT AND CALIBRATION
Tuner should be calibrated by VNA before the actual measurement for DUT. The location and the scattering parameters of tuner are recorded when the probe is in one position, and this process is repeated as many times as possible. Then we can create a database of the relationship between the probe location and the scattering parameters. In actual measurement, the scattering parameters corresponding to the probe location can be obtained by querying the database, thus obtaining the parameter of DUT. This calibration method has shortcoming of huge amount of data and time-consuming. Therefore, a rapid calibration method is proposed.
Theoretically, modulus value of the scattering parameter is unchanged with the horizontal movement (x 0 ) of the probe in x direction; its phase variation is as follows:
where λ g is waveguide wavelength. So only measuring a horizontal position and a group of vertical positions for the probe of tuner, tuner's scattering parameter variation with insertion depth can be obtained. Then the scattering parameters of tuner at any position can be calculated by (3) . The connection of rapid calibration is shown in Figure 7 . First, calibration kit is connected (Figure 7 Tables 1 and 2 show the scattering parameter S 11 's modulus and phase measured of the tuner at the frequency f 0 of 33 GHz and the horizontal position x of 6 mm, 7 mm, 8 mm, 9 mm respectively. They are processed in Matlab.
The data (f 0 = 33 GHz, x = 6 mm) are fitted by the least squares method. Fitting results are shown in Figures 12 and 13 .
The fifth order polynomial function of S 11 's modulus with vertical depth (y) as independent variable is given by (4) . variable is given by (5) . 
At 33 GHz, with vertical depth unchanged and horizontal displacement changed, the variation of modulus and phase of S 11 is given by (6) .
where x 0 is initial horizontal, i.e., x 0 = 6mm, and λ g is waveguide wavelength, i.e.,
where λ 0 is wavelength of electromagnetic waves at 33 GHz, and a is waveguide width, i.e., λ 0 = 9.085 mm, a = 7.112 mm. Substituting them into (7), we can get λ g = 11.806 mm. Then according to (4) , (5) and (6), the scattering parameter S 11 at 33 GHz with probe at any position can be obtained. Modulus and phase of S 11 (x = 6 mm) are shown in Figures 14 and 15 respectively. The absolute error is obtained by the subtraction of the measurement in Tables 1, 2 from the calculated value. The absolute error and mean square error (MSE) are shown in Tables 3 and 4 .
According to Tables 3 and 4 , we find that scattering parameter S 11 has small errors. The first three groups of data (y = 0 mm, 0.3 mm, 0.6 mm) are abnormal. According to the analysis, the positioning device of tuner is manual, not precise enough, and probe may not be inserted in waveguide cavity with micrometer readings of 0.6 mm, so that these measurements are not accurate. However, it can be seen from the other data that this rapid calibration method is feasible. And motor stepper and computer, which will be used in future, can make calibration more accurate. It will take 31 times longer to get these data (109 frequencies, 31 × 11 positions) by Maury's instrument, so this rapid calibration method is time-saving.
CONCLUSIONS
This paper presents a new type of high-power microwave impedance tuner based on load-pull technique and its corresponding rapid calibration method. By testing, this new structure of increased width rectangular waveguide slotted in the center and the rapid calibration method based on curve fitting are proved to be feasible and effective. The choke groove also effectively inhibits leakage of electromagnetic. Grating-ruler, stepper motor and computer will be used in the future work for precise positioning as soon as possible, so that the calibration formula can be optimized, and calibration becomes more accurate.
